Introduction
Localized areas of elevated CO 2 flux and elevated soil temperatures on or around the resurgent dome at Long Valley Caldera, California, are identified by stressed, dying, and dead vegetation ( fig.1 ). Our early work (Bergfeld and others, 2006) indicated that about 8.7 metric tonnes of CO 2 per day (t/d) were emitted from these kill zones, with the highest discharge occurring in areas within a few km of the Casa Diablo geothermal power plant, and that most of the kill zones developed as a response to changing conditions in the shallow hydrothermal system. This report presents results from 2006-2010 CO 2 -flux surveys of two of the largest tree-kill zones and chemical data on gas collected between 1989 and 2010 in and around several of the tree-kill zones. The flux measurements provide baseline data from a time when seismicity has waned and deformation of the resurgent dome has leveled off (http://volcanoes.usgs. gov/lvo/activity/index.php, last accessed December 15, 2010). Because of this, changes in the size of kill zones, increases in soil temperatures or steam discharge, and changes in CO 2 emissions most likely reflect the response of the shallow hydrothermal system to geothermal fluid production at the Casa Diablo power plant. Results from diffuse CO 2 -flux and soil-temperature measurements collected under these conditions allow a better understanding of the shallow system and will improve our ability to detect changes in the fluxes of CO 2 and heat associated with magmatic unrest.
Field Locations
Our field studies since 2006 have focused on two main kill zones, herein referred to as Basalt Canyon and Shady Rest. The grid at Basalt Canyon and at Shady Rest are partly composed of measurement sites from the BC, BCE, and SR grids of Bergfeld and others, 2006 . The outline of presentday measurement grids are irregular, and the footprints of the grids have varied with time as we encompassed more areas of thermal fluid upflow, or as new areas of kill developed.
The Basalt Canyon grid is about 1.6 km due west of the Casa Diablo power plant ( fig. 1 ) and is sited along a localized SW-NE trending fault (Bergfeld and others, 2006) . The grid consists primarily of tree-kill with a zone of live grass in the northeast section. The volcanic rocks in Basalt Canyon include Quaternary rhyolites and basalts (Bailey, 1989) . During June 2010, the measurement grid covered about 23,000 m 2 and had 88 measurement sites (table 1). Gas samples occasionally are collected from thermal and nonthermal sites within the grid and from a nearby gas vent, known as Basalt Fumarole (Sorey and others, 1998) , that is ~100 m west of the grid boundary.
The Shady Rest grid is about 3.4 km northwest of the Casa Diablo power plant ( fig. 1 ) and, as of June 2010, had 129 measurement sites and covered about 100,000 m 2 (table 1) . The most recent area of tree kill is focused in the northeast and east portions of the grid. The center of the grid is comprised of mostly bare ground that is surrounded by live vegetation consisting of a mix of grass, brush, and widely spaced pine trees. Volcanic rocks include the same Quaternaryaged rhyolite found at Basalt Canyon (Bailey, 1989) . The measurement grid includes a sub-boiling-temperature gas vent, commonly known as the Shady Rest fumarole, that is sampled routinely for gas. Two recently drilled geothermal production wells went online in summer 2006 and are about 0.5 km to the south of the grid ( fig. 1 ).
Methods

Field Methods
The grids were established using pace and compass methods. Physical constraints imposed by dead trees, rock outcrops, steep topography, and roads are such that spacing between measurement sites is irregular. Locations are recorded using a Garmin® GPS, and each site is marked with flagging in an effort to measure the flux at the same spot during subsequent visits. Our goal is to measure flux at each site during each field visit, but sites sometimes are missed, and some sites have been abandoned. It typically requires two days to complete the flux measurements for each grid. In 2006 we made two sets of flux measurements at both grids. In subsequent years we made one set of measurements.
The CO 2 -flux measurements were made using a West Systems flux meter, equipped with a LI-COR® 820 infrared CO 2 analyzer and an accumulation chamber. Detailed explanations about measurement techniques and methods for determining flux values are presented in Lewicki and others (2005) and Bergfeld and others (2006) . Our protocol includes field calibration of the analyzer using CO 2 -free air and a gas standard containing 1,000 ppm CO 2 . At Basalt Canyon we use a 6-L accumulation chamber, which provides sufficient volume to compensate for the high fluxes without saturating the capacity of the CO 2 analyzer. At Shady Rest, the flux at most sites can be measured by using a 2.7-L chamber. Our laboratory tests using the large and small chambers show that measured fluxes underestimate the actual flux by about 7 percent and 10 percent, respectively. Soil temperatures are measured adjacent to the accumulation chamber coincident with each flux measurement. The target depth for soiltemperature measurements through 2008 was 10 cm. In 2009-10 soil temperatures were measured at 20 cm.
Gas samples are collected into evacuated glass bottles by inserting a stainless steel tube into the ground at an area of gas discharge. In some cases sample sites consist of a crack in the bedrock, and at other sites the collection tube is driven into the soil. Tygon® tubing is used to connect the stainless steel tube to the sample bottle. The collection apparatus is then purged of air, and the collection bottle is opened until gas stops flowing into the bottle.
Data Reporting
The CO 2 flux is reported as grams of CO 2 per square meter per day (g/m 2 /d). Total CO 2 discharged from each grid is determined by multiplying the mean flux for all the sites by the grid area. CO 2 discharge is reported in units of metric tonnes of CO 2 emitted per day (t/d). The discharge is not corrected for biogenic CO 2 contributions, nor for the systematic under-estimation of flux revealed in laboratory testing. Many studies of diffuse CO 2 flux in volcanic and geothermal environments have shown that flux data are skewed positively with lognormal distributions (Bergfeld and others, 2001; others, 1998, 2001; Cardellini and others, 2003; Lewicki and others, 2005) . Statistical analysis of the flux data from both Basalt Canyon and Shady Rest supports this premise (figs. 2 and 3; note that figs. 2 through 13 are at the back of this report); therefore, calculations of the mean CO 2 flux were determined by using methods that are appropriate for lognormal datasets. For this report we calculated the mean CO 2 flux by using two methods, and the difference in the results is reported as the absolute difference in the mean values divided by the average mean and expressed as a percent (table 1) .
The weighted method (W) uses minimum variance estimator equations to determine mean flux values. To avoid any bias related to the irregular site spacing, a weighting factor is applied to each measured flux value. Weighting factors are calculated by inputting site location coordinates and measured flux values into the DECLUS module of the GSLIB geostatistical software package (Deutsch and Journel, 1998) . Once calculated, the weighted flux data are log-transformed and are tested for a lognormal distribution using D'Agostino's test (Gilbert, 1987) , as described in Bergfeld and others (2006) . All but one of the weighted datasets satisfies the hypothesis of a lognormal distribution. The log-transformed weighted flux values are used to calculate the mean and 95-percent confidence interval about the mean by using minimum variance estimator equations given in Gilbert (1987) as presented in the appendix of Bergfeld and others (2006) . The resulting means, and lower and upper limits from the confidence interval, are backtransformed, and those results are multiplied by the grid area to provide estimates of the total CO 2 discharge for the grid.
The sequential Gaussian simulation method (sGs) for estimating the means for each dataset also uses log-transformed flux values. The method produces multiple equiprobable outcomes of the spatial distribution of the flux over a 5 m 2 grid cell using the sgsim module of the GSLIB program (Deutsch and Journel, 1998) , following methods outlined in Cardellini and other (2003) and Lewicki and others (2005) . The sGs-technique is superior to using kriging to estimate flux at unsampled locations because it honors the measured flux values (Cardellini and others, 2003) . The mean flux is determined from the summation of 1,000 simulations, and results are used to produce contour plots of the flux. Differences in results from the replicate simulations yield a 95-percent upper and lower boundary on the determined discharge and provide a measurement of uncertainty. 
Results
Basalt Canyon Tree Kills, Soil Temperatures, and CO 2 Emissions
The kill zone at Basalt Canyon is a mixture of old and recent tree kills. The core sites are in the central portion of the grid and are characterized by long-dead, downed and standing trees that are stripped of their bark and are breaking apart. Many of these kills occurred during the mid-1990s and were associated with early power-plant operations at Casa Diablo (Bergfeld and others, 2006) . New tree kills include large, mature pines and are found mostly in the northeast part of the grid. These new tree kills are recent enough that the bark is intact and brown needles and pine cones often are attached. The new kills are adjacent to what appears to be healthy forest. Shallow soil temperatures in this part of the grid are up to 50°C (fig. 4 ). Changes in soil temperature effect different tree species in varying ways (Pregitzer and others, 2000) and may induce stress that would contribute to increased mortality rates; however, at the time of this writing, the exact cause of tree death is not known.
Sites with the highest soil temperatures are clustered in the central section of the Basalt Canyon grid ( fig. 4) , and are located both along the bottom of the canyon, as well as along the western slope. The highest soil temperature measured at 10 cm was 92.9°C during the July 2007 site visit. Soil at steaming ground sites has low permeability, has been altered to clay, and commonly is encrusted with sulfur-bearing minerals. Steam tends to discharge at discrete points, such as the surface exposures of tree-root tunnels.
Plots of soil temperature versus CO 2 flux at Basalt Canyon show considerable scatter ( fig. 5) , and correlation coefficients (R) from linear regression of the data are ≤0.4 for all years. The low R-values reflect both the presence of high-temperature sites with moderate flux and sites with normal soil temperatures that have high CO 2 fluxes. There appears to be no difference in correlations between flux and temperatures whether the temperatures are measured at 10 cm or 20 cm.
During this investigation the maximum flux for each set of measurements at Basalt Canyon was between about 1,700 to 3,100 g/m 2 /d (table 1) . Comparison of contour plots of the diffuse CO 2 flux from different years shows that although the intensity of the flux at an individual site may change from year to year, the general pattern across the grid is fairly static (fig.  6 ). The areas around the two gas-sampling sites often have the largest CO 2 fluxes and are separated from each other by a zone of lower flux sites. The CO 2 fluxes at the non-core sites in the east were lower than the CO 2 fluxes from core sites in the center of the grid (fig. 7) .
The raw and weighted flux data for all years for the core sites and the full grid at Basalt Canyon pass D'Agostino's test as having a lognormal distribution. For most years the two methods of estimating the mean flux agree within 25 percent, with slightly higher means and larger confidence intervals estimated using the sGs method (table 1) 
Shady Rest Tree Kills, Soil Temperatures, and CO 2 Emissions
The core sites at Shady Rest are centered on an area of mostly bare ground with some scattered grass, brush, and individual trees. The full grid includes more forested areas along the boundary. Most observed kills are of recent age and are clustered in two groups on the east side of the grid ( fig. 9 ). As compared with Basalt Canyon, the Shady Rest kill areas have fewer old decayed trees, although this may be a function of easy access and firewood scavenging.
Soil-temperature measurements at 10 cm show that, in general, Shady Rest sites are cooler than sites at Basalt Canyon (figs. 4 and 9). In winter, snow will accumulate later and melt sooner from sites around the Shady Rest fumarole, but unlike Basalt Canyon, there are no large patches of steaming ground. We have observed steam issuing only from a few point-source locations at Shady Rest. The highest soil temperature at a grid site was 75.0°C. Plots of soil temperature and CO 2 flux show the data are positively correlated with correlation coefficients around 0.7 for most years ( fig. 10) .
In general, Shady Rest sites with the highest fluxes are oriented along a north-south trend that incorporates the location of the Shady Rest fumarole (figs. 11 and 12). The maximum flux from each set of measurements was between about 850 and 1,500 g/m 2 /d (table 1) and was obtained at one of two sites in the north near one of the areas of recent tree kills. In 2009 we discovered a discrete patch of slightly thermal ground with some recent tree kills ~200 m southeast of the main grid boundary. In 2010 the area was incorporated into the Shady Rest grid. The new sites have moderately high fluxes, up to ~300 g/m 2 /d, and are aligned along a southeast trend in line with the 6625 geothermal production well ( fig. 12E ). All but one of the flux datasets from Shady Rest pass D'Agostino's test as having a lognormal distribution. The test was negative for the full grid from 2009, and we calculated the simple arithmetic mean of the weighted flux values (shown in the parentheses in table 1), as well as the mean, by using the minimum variance estimator. For all datasets the mean flux determinations from the sGs method are higher, and the confidence intervals are larger, than those derived from the weighted-flux values (table 1) . Differences in the means derived from the two methods are ≤36 percent and generally are better than 25 percent.
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Estimates of the total CO 2 emissions from Shady Rest core sites in 2006, 2008, 2009, and 2010 are similar, and the ranges in the discharge estimates for these 4 sets of measurements overlap ( fig. 13) . The results indicate about 6-9 tonnes of a CO 2 per day (7-10 from sGs) discharged from the central portion of the grid (table 1). The discharge estimate (11-14 t/d) and the contour plot from the 2007 measurements stand out as having higher emissions than in other years (figs. 11 and 13). Table 2 gives analyses of gas samples collected from discrete gas vents (V), steaming ground (SG) sites, and a nonthermal (NT) high flux (500-900 g/m 2 /d) site in the Basalt Canyon grid. The gas compositions are dominated by CO 2 , but gas from many sites contains significant amounts of atmospheric components (Ar, N 2 and O 2 ). H 2 S is a component in the gas from thermal sites around Basalt Canyon, as well as other sites near the Casa Diablo power plant, but until recently was not detected at the Shady Rest fumarole. CH 4 is detectable in all gas samples, irrespective of location. The carbon isotope composition of CO 2 collected at nine locations is between -6.9 and -3.4 permil. The d Sorey and others, 1998) . Isobutane (i-C 4 H 10 ), the working fluid used at the Casa Diablo power plant, is detected at numerous thermal sites, but has not been found in gas from the Shady Rest fumarole.
Gas Chemistry from Sites on or Around the Resurgent Dome
Summary Comparison of the Two Areas
In a visual sense, the kill areas at Basalt Canyon and Shady Rest are distinct. The prominent tree and brush kills in the center of Basalt Canyon have been the focus points for steam and gas upflow for decades, and many of the old logs and stumps are coated with a layer of sulfur. The kill area at Shady Rest contains more subtle features and stands out from its surroundings as unusual in that there is a large area of mostly bare ground. Both Basalt Canyon and Shady Rest are, however, similar in that development of new areas of tree kill is an ongoing phenomena.
The Basalt Canyon and Shady Rest study areas are located over thermal fluid upflow zones. Overall, the CO 2 fluxes are higher at Basalt Canyon than at Shady Rest, but the extent of discharge zone at Basalt Canyon is confined to a smaller area. At Shady Rest the CO 2 flux and soil temperatures are moderately-to-well correlated, indicating that CO 2 and steam are transported together. The correlation between flux and soil temperature at Basalt Canyon is poor. Sites with a low flux and high soil temperatures occur in areas of strong fluid upflow where alteration products, such as clays and mineral sublimates, occlude void spaces, decreasing permeability. The presence of low-temperature, high-flux sites at Basalt Canyon may reflect steam condensation in the subsurface.
During the course of this investigation, total CO 2 emissions from the Basalt Canyon core sites were constant. We estimate that about 3-5 tonnes of CO 2 per day discharge from the central core part of the grid. CO 2 emissions from the Shady Rest core sites were more variable and ranged from 6 to 14 t/d. The variability could be related to changes in the shallow hydrothermal system resulting from geothermal fluid production at the new wells. At present, we do not have the temporal data needed to fully assess this hypothesis, but the alignment of high CO 2 flux sites in the direction of the 6625 well ( fig. 12 ) lends support to this idea.
The composition of gases collected from sites at Shady Rest and Basalt Canyon distinguishes gas across the two areas. While the carbon isotope composition of CO 2 indicates a common source of CO 2 , other components, such as isobutane, and until recently H 2 S, are distinct to thermal features around Basalt Canyon. All samples collected from the Shady Rest fumarole have entrained air, which tends to oxidize H 2 S and may be part of the reason that it rarely is detected. The presence of H 2 S in 2009-10 samples could, however, indicate a change in fluid chemistry related to production from the new wells. Isobutane, which is unaffected by the presence of air, has never been detected at Shady Rest.
Isobutane enters the thermal aquifer at Long Valley when occasional leaks in heat exchangers at the Casa Diablo power plant cause it to be injected along with spent geothermal fluids into deep parts of the geothermal reservoir (Evans and others, 2004) . It has been detected in gas samples collected at Basalt Canyon since 1995 (table 2) and may have reached the area before that time. The purpose of injection is to provide pressure support in the geothermal reservoir and the presence of isobutane in gas samples at Basalt Canyon shows that volatiles from the injectate have reached the underlying area. The pressure support provided by the injectate would stabilize the depth of boiling in the reservoir and, consequently, would control the upflow of steam and CO 2 , producing more constant CO 2 emissions.
The absence of isobutane at Shady Rest may be a function of distance from the injection wells and may indicate the shallow reservoir in the area lacks pressure support.
Without sufficient pressure support, the shallow hydrothermal system would respond to the 2006 onset of fluid production at the 5725 and 6625 wells. Variations in CO 2 emissions since that time may reflect adjustments in the shallow reservoir to the fluid production.
Further Work
Results of CO 2 flux mapping since 2006 provide a well-constrained estimate of diffuse CO 2 emissions at Basalt Canyon. As a tool for volcano monitoring, the baseline information needed is now available for comparison if, in the future, seismicity or deformation rates change. Barring such changes, continued study of CO 2 flux at Basalt Canyon provides only information on geothermal fluid upflow. Our understanding of baseline CO 2 emissions at Shady Rest also is well constrained, but drilling of a new production well west of Shady Rest commenced in late 2010. Additional study of the CO 2 fluxes, and a more in-depth study of soil temperatures, is warranted as the new well goes into production. Collection of gas samples at both sites should continue as part of future monitoring efforts at both sites. 
